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1.  INTRODUCTION 


Osteoarthritis  is  characterized  by  degradation  of  joint  cartilage  and  alterations  in  peri-articular  bone  leading  to 
pain  and  loss  of  mobility.  Osteoarthritis  that  develops  after  a  single  traumatic  event  such  as  a  fall  or  fracture 
near  the  join  is  classified  as  post-traumatic  osteoarthritis.  Excessive  joint  loads  are  recognized  as  the  primary 
contributor  to  the  development  of  post-traumatic  osteoarthritis  and  other  forms  of  osteoarthritis.  Recent  findings 
suggest  that  low-grade  chronic  systemic  inflammation  can  aggravate  the  development  of  osteoarthritis.  In  this 
18-month  long  Discovery  award  we  test  the  concept  that  low-grade  chronic  systemic  inflammation  caused  by 
changes  in  the  gut  microbiota  regulate  the  development  of  post-traumatic  osteoarthritis.  To  test  this  idea,  we  use 
a  mouse  model  in  which  a  short  period  of  mechanical  loading,  applied  to  the  joint,  leads  to  cartilage 
degeneration  and  apply  the  technique  to  mice  with  varying  amounts  of  low-grade  chronic  systemic 
inflammation  associated  with  alterations  in  the  gut  microbiota. 

2.  KEYWORDS 

osteoarthritis 

post-traumatic  osteoarthritis 
mechanical  loads 
microbiome 
systemic  inflammation 

3.  ACCOMPLISHMENTS 

■  What  were  the  major  goals  of  the  project? 


Specific  Aim 

Timeline 

Site  1 

Completion  Date 

Aim 

Months 

Animal  Breeding  to  Achieve  Desired 
Sample  Size 

5-10 

Dr.  van  der  Meulen 

05/01/2016 

Pre -treatment  of  Animal  Groups 
(antibiotic  treatment,  etc.) 

6-11 

Dr.  Hernandez 

09/01/2016 

Mechanical  Loading 

10-15 

Dr.  Hernandez 

Dr.  van  der  Meulen 

09/01/2016 

Micro-CT  and  Histology 

11-18 

Dr.  Hernandez 

Dr.  van  der  Meulen 

90%  complete 

Serum  Assays 

11-18 

Dr.  van  der  Meulen 

Dr.  Hernandez 

90%  complete 

Manuscript  Preparation 

17-18 

Dr.  Hernandez 

Dr.  van  der  Meulen 

30%  complete 

Local  IRB/IACUC  Approval 

1 

Dr.  Hernandez 

05/07/2015 

Milestone  Achieved:  HRPO/ACURO 
Approval 

2-5 

Dr.  Hernandez 

11/03/2015 

■  What  was  accomplished  under  these  goals? 

1)  Major  activities 

Four  groups  of  animals  were  bred  in  our  facility  and  raised  to  20  weeks  of  age.  Animals  in  two  groups 
received  treatment  starting  at  weaning  (4  weeks  of  age).  Treatment  included  either  a  high  fat  diet  (34%  fat 
content,  D 12492,  Research  Diets  Inc.)  or  chronic  oral  antibiotics  in  drinking  water  (1.0  g/L  ampicillin  and 


4 


0.5g/L  neomycin).  The  antibiotics  were  chosen  as  they  have  poor  bioavailability  and  therefore  have  minor 
extraintestinal  effects. 


STUDY  GROUP 

Inflammation 

Body  Weight 

TLR5KO 

Mild 

Mild  Increase 

TLR5KO+Antibiotic 

Normal 

Normal 

WT  (negative  control) 

Normal 

Normal 

WT+High  Fat  Diet  (positive  control) 

Moderate 

Moderate  Increase 

At  20  weeks  of  age  animals  were  anesthesized  and  submitted  to  a  single  bout  of  tibial  loading  (1,200  cycles 
at  4Hz,  5  minutes  of  exposure).  Loading  was  applied  with  a  maximum  load  of  9N,  6N  or  4.5  N.  The  9N  load 
has  been  shown  to  cause  cartilage  degeneration  at  2  weeks  after  loading. 


T=0  1-week  2 -week 


Fig.  1.  An  illustration  of  the  loading  modality,  applied  load  waveform  and  expected  cartilage  degeneration 
in  the  WT  (negative  control)  group. 


2)  Specific  Objectives 

The  objectives  of  this  project  were  to  detennine  the  effects  of  low-grade  systemic  inflammation  on  cartilage 
degeneration  caused  by  a  single  bout  of  mechanical  loading.  Our  study  groups  (see  part  1)  include  two 
methods  of  increasing  systemic  inflammation,  the  TLR5KO  mouse  (which  spontaneously  develops  low 
grade  systemic  inflammation  due  to  its  microbiota)  and  the  TLR5KO  mouse  treated  with  antibiotics  to 
prevent  development  of  systemic  inflammation.  Wild  type  mice  are  included  as  control  groups. 


3)  Significant  Results 

Our  findings  to  date  include  the  obesity/systemic  inflammation  phenotypes  of  the  four  groups  and  histology 
data  indicating  osteoarthritis  in  the  most  heavily  loaded  group  (9N  cyclic  loading).  The  findings 
summarized  below  (Fig.  2),  confirm  the  metabolic  syndrome  phenotype  in  the  TLR5KO  mice,  the  absence 
of  the  metabolic  syndrome  phenotype  in  the  TLR5KO+Antibiotic  and  obesity+systemic  inflammation  in  the 
high  fat  diet  mice.  Although  loading  caused  joint  degeneration,  no  differences  in  cartilage  degeneration 
were  observed  among  groups  following  a  9N  magnitude  loading  bout.  Completion  of  histology  in  lower 
magnitude  loading  groups  will  indicate 
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Fig.  2.  The  four  study  groups  display  expected  differences  in  adiposity  and  systemic  inflammation  (groups 
with  different  letters  are  significantly  different,  p<0.05  Tukey  multiple  comparisons).  High  fat  diet  mice 
show  increased  (A)  body  mass,  (B)  fat  pad  mass,  and  (C)  Serum  Amyoid  A  (a  marker  of  systemic 
inflammation  compared  to  WT  mice  and  TLR5KO  mice  treated  with  antibiotics  to  disrupt  the  gut  flora. 
Untreated  TLR5KO  mice  are  in  between  WT  and  High  fat  diet  mice. 
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Fig.  3.  Histological  measures  of  joint  degeneration  2 
weeks  after  a  9N  loading  bout  are  shown  for  both  the 
Loaded  (open  symbol)  and  Control  (closed  symbol) 
limbs.  Loading  caused  cartilage  degeneration 
(increase  in  OARSI  score),  but  no  differences  in 
cartilage  degeneration  were  observed  among  groups 
at  this  load  magnitude  at  2  weeks.  Results  from  4.5N 
and  6N  loading  are  pending. 

WT  TLR5KO  TLR5KO  High  Fat 
Antibiotics  Diet 


4)  Other  achievements 

In  addition  to  the  proposed  work  we  also  wrote  and  published  a  review  article  on  the  general  topic  of  the 
microbiome  and  musculoskeletal  disease  and  completed  a  pilot  study  to  evaluate  the  bone  phenotype  in  the 
experimental  groups. 

Discussion  of  Goals  not  Met 

We  have  met  all  goals  for  this  reporting  period. 

What  opportunities  for  training  and  professional  development  has  the  project  provided? 

■  Training 

The  following  graduate  students  participated  in  one  on  one  training  with  a  mentor  (the  PI): 

Jason  D.  Guss,  M.S. 

Melanie  F.  Roberts,  M.S. 

Mary  sol  Luna,  B.S. 

The  following  undergraduate  students  received  one  on  one  training  from  mentors  (the  PI  and 
participating  graduate  students): 

Adrian  Alepuz 
Gabriel  Guisado 
Taylor  Sandoval 
Laura  Vasquez-Bolanos 

•  Professional  Development 

Conference  Attendance/Workshop  Participation: 

U.S.  Army  Medical  Research  and  Materiel  Command 
Clinical  and  Rehabilitative  Medicine  Research  Program 
Osteoarthritis  therapy  in-progress  review  (05/08/2017-05/09/2017) 

Christopher  J.  Hernandez,  Ph.D.  (PI) 

Military  Health  System  Research  Symposium  (08/27/17-08/30/17) 

Christopher  J.  Hernandez,  Ph.D.  (PI) 

How  were  the  results  disseminated  to  communities  of  interest? 

This  work  has  been  presented  in  part  to  the  U.S.  Army  Medical  Research  and  Materiel  Command  and  to  the 
audience  at  the  Military  Health  System  Research  Symposium.  A  manuscript  describing  the  work  is  being 
drafted  and  we  expect  to  submit  an  abstract  to  a  national  meeting  by  completion  of  the  project. 
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■  Outreach  Activities 

Dr.  Hernandez  contributed  to  the  following  programs  working  to  enhance  public  understanding  and 
increasing  interest  in  careers  in  science,  technology  and  the  humanities: 

Society  of  Hispanic  Professional  Engineers  (11/1 1/16-11/14/16) 

Dr.  Hernandez  served  as  a  panelist  to  the  Graduate  Institute  (professional  preparation  for  graduate  students) 
and  the  Faculty  Institute  (professional  preparation  for  junior  faculty) 

■  What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

In  the  final  5  months  of  the  project  we  will  complete  histology  and  prepare  a  manuscript  describing  the 
findings  for  submission  to  a  peer-reviewed  journal. 

4.  IMPACT 

■  What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

Our  findings  that  changes  in  the  microbiota  influenced  bone  tissue  material  properties  (Guss  et  al.  2017). 
Recent  studies  by  our  collaborators  (van  der  Meulen,  see  Holyoke  et  al.  2017)  have  suggested  that  changes  in 
bone  tissue  material  properties  can  alter  the  response  to  load-induced  osteoarthritis.  Our  published  findings  in 
bone  therefore  may  explain  the  mechanism  of  changes  in  arthritis  associated  with  alterations  in  the  microbiome 
(and  may  therefore  be  a  potential  new  indicator  of  risk  of  osteoarthritis). 

■  What  was  the  impact  on  other  disciplines? 

Our  findings  in  bone  are  the  first  to  demonstrate  an  effect  of  the  microbiome  on  bone  tissue  mechanical 
properties  and  has  the  potential  to  revolutionize  our  view  of  fragility  fracture  and  osteoporosis. 

■  What  was  the  impact  on  technology  transfer? 

Nothing  to  Report 

■  What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  Report 

5.  CHALLENGES/PROBLEMS 

■  Changes  in  approach  and  reasons  for  change 

Based  on  recent  reports  of  osteoarthritis  generated  by  a  single  loading  event  (Ko  et  al.  2016)  we  have  adjusted 
the  proposed  study  groups  in  order  to  address  our  hypothesis  and  research  questions.  The  new  study  groups 
include  three  different  load  magnitudes  (4.5  N,  6  N,  9N)  during  load  application  and  joints  from  all  animals  are 
examined  2  weeks  after  applied  loading.  The  approach  allows  us  to  address  our  primary  hypothesis  by 
detennining  if  osteoarthritis  is  generated  by  a  more  modest  load  magnitude  in  animals  with  altered  systemic 
inflammation. 

■  Actual  or  anticipated  problems  or  delays  and  actions  or  plans  to  resolve  them 

Nothing  to  Report 

■  Changes  that  had  a  significant  impact  on  expenditures 

Nothing  to  Report 

■  Significant  changes  in  use  or  care  of  human  subjects,  vertebrate  animals,  biohazards,  and/or  select 

agents 

Nothing  to  Report 

■  Significant  changes  in  use  or  care  of  human  subjects 

Not  Applicable 

■  Significant  changes  in  use  or  care  of  vertebrate  animals. 

Nothing  to  Report 

■  Significant  changes  in  use  of  biohazards  and/or  select  agents 
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Nothing  to  Report 

6.  PRODUCTS 

Publications,  conference  papers,  and  presentations 

Journal  publications 

•  Hernandez,  C.J.,  Guss,  J.D.,  Luna,  M.,  Goldring,  S.R.  (2016)  “Links  Between  the  Microbiome  and  Bone”  J 
Bone  Miner  Res.  31(9):  1638-46.  doi:  10.1002/jbmr.2887 

Status  of  Publication:  Published 
Acknowledgement  of  federal  support:  Yes 

•  Guss,  J.D.,  Horsfield,  M.W.,  Fontenele,  F.F.,  Sandoval,  T.N.,  Apoorva,  F.,  Lima,  S.F.,  Bicalho,  R.C.,  van  de 
Meulen,  M.C.H.,  Singh,  A.,  Goldring,  S.R.,  Hernandez,  C.J.  (2016)  “The  Gut  Microbiome  Influences  Bone 
Strength  and  Regulates  Differences  in  Bone  Biomechanical  Phenotype  Among  Inbred  Mouse  Strains”  J  Boni 
Miner  Res.  32(6):  1343-1353.  doi:  10.1002/jbmr.31 14 

Status  of  Publication:  Published 
Acknowledgement  of  federal  support:  Yes 

•  Hernandez,  C.J.  (2018)  “The  Microbiome  and  Bone  and  Joint  Disease”  Current  Rheumatology  Reports. 

Status  of  Publication:  Submitted 
Acknowledgement  of  federal  support:  Yes 

Books  or  other  non-periodical,  one-time  publications. 

Nothing  to  Report 

Other  publications,  conference  papers,  and  presentations. 

•  Guss,  J.D.,  Horsfield,  M.W.,  Fontenele,  F.F.,  Sandoval,  T.N.,  Apoorva,  F.,  Lima,  S.F.,  Bicalho,  R.C., 
van  der  Meulen,  M.C.H.,  Singh,  A.,  Goldring,  S.R.,  Hernandez,  C.J.  (2016)  “The  Gut  Microbiome 
Influences  Bone  Strength  and  Regulates  Differences  in  Bone  Biomechanical  Phenotype  Among  Inbred 
Mouse  Strains”  42nd  Annual  Meeting  of  the  American  Society  for  Bone  and  Mineral  Research,  Atlanta, 

GA,  USA. 

Status  of  Publication:  Published 
Acknowledgement  of  federal  support:  Yes 

•  Jason  D.  Guss1,  Sophia  N.  Ziemian1,  Steven  R.  Goldring2,  Marjolein  van  der  Meulen1'2,  Christopher  J. 
Hernandez1’2  (2017)  “Modulation  of  the  gut  microbiota  and  the  development  of  load-induced 
osteoarthritis”  Military  Health  System  Research  Symposium.  MHSRS- 17-0659.  Kissimmee,  FL,  USA. 

Status  of  Publication:  Published 
Acknowledgement  of  federal  support:  Yes 


Website(s)  or  other  Internet  site(s) 

Nothing  to  Report 

Technologies  or  techniques 

Nothing  to  Report 

Inventions,  patent  applications,  and/or  licenses 

Nothing  to  Report 
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Other  Products 

Nothing  to  Report 


7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 


Name: 

Christopher  J.  Hernandez,  Ph.D. 

Project  Role: 

PI 

Researcher  Identifier  (e.g.  ORCID  ID): 

0000-0002-0712-6533 

Nearest  person  month  worked: 

0.5 

Contribution  to  Project: 

Dr.  Hernandez  is  the  PI  for  this  project  and  has 
overseen  all  experimental  work  and  data  analysis. 

Name: 

Marj olein  M.C.  van  der  Meulen,  Ph.D. 

Project  Role: 

Co-I 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

0.5 

Contribution  to  Project: 

Dr.  van  der  Meulen  has  worked  to  oversee 
experimental  procedures  on  the  experimental 
animals  and  in  data  analysis. 

Name: 

Jason  D.  Guss,  M.S. 

Project  Role: 

Graduate  Student 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

1.0 

Contribution  to  Project: 

Mr.  Guss  has  been  directly  involved  in  breeding  the 
mice  for  the  proposed  work,  establishing 
experimen  tal  methods  and  performing  experimen  ts 
and  analyzing  data. 

Name: 

Marysol  Luna,  B.  S. 

Project  Role: 

Graduate  Student 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

8 

Contribution  to  Project: 

Ms.  Luna  has  been  led  animal  breeding  and 
experimental  manipulations  of  the  animals  and 
coordinated  final  data  acquisition  and  data  analysis. 

Funding  Support: 

Sloan  Fellowship 

Name: 

Melanie  F.  Roberts 

Project  Role: 

Graduate  Student 

Researcher  Identifier  (e.g.  ORCID  ID): 

Nearest  person  month  worked: 

1.5 

Contribution  to  Project: 

Ms.  Roberts  has  worked  on  image  analysis  and 

Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or  senior/key  personnel  since  the  last 
reporting  period? 

The  following  changes  in  other  research  support  for  Dr.  Hernandez  are  shown  below: 

Now  Active 

(Bostrom/Hemandez,Multi-PI)  04/01/17-03/31/2019  Effort:  1.0 
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NIH  R21AR067 1534-01 

Title:  The  Microbiome  as  a  Risk  Factor  For  Periprosthetic  Joint  Infection 


Completed 

No  Number  Hernandez  (PI)  07/01/13  -06/30/15  0  mon 

AMGEN 

Formation  of  New  Trabeculae  with  Sclerostin  Antibody  Treatment 

The  following  changes  in  other  research  support  for  Dr.  van  der  Meulen  are  shown  below: 

Now  Active 
9/1/17-8/31/20 

Modulating  subchondral  bone  properties  to  inhibit  OA  development 
DOD  PRMRP  W81XWH- 17- 1-0540 
Principal  Investigator 


9/1/17-8/31/19 

Enhancing  adaptation  to  loading  with  PTH  in  osteoporosis 
National  Institutes  of  Health,  NIAMS  R21-AR071587 
Principal  Investigator 


Dr.  Goldring  is  still  participating  in  the  project  but  his  effort  is  less  than  1  month  and  he  is  therefore  not  listed 
above.  No  changes  in  senior/key  personnel. 
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ABSTRACT 

Alterations  in  the  gut  microbiome  have  been  associated  with  changes  in  bone  mass  and  microstructure,  but  the  effects  of  the 
microbiome  on  bone  biomechanical  properties  are  not  known.  Here  we  examined  bone  strength  under  two  conditions  of 
altered  microbiota:  (1)  an  inbred  mouse  strain  known  to  develop  an  altered  gut  microbiome  due  to  deficits  in  the  immune  system 
(the  Toll-like  receptor  5-deficient  mouse  [TLR5KO]);  and  (2)  disruption  of  the  gut  microbiota  (AMicrobiota)  through  chronic 
treatment  with  selected  antibiotics  (ampicillin  and  neomycin).  The  bone  phenotypes  of  TLR5K0  and  WT  (C57BI/6)  mice  were 
examined  after  disruption  of  the  microbiota  from  4  weeks  to  16  weeks  of  age  as  well  as  without  treatment  (n  =  7  to  16/group, 
39  animals  total).  Femur  bending  strength  was  less  in  AMicrobiota  mice  than  in  untreated  animals  and  the  reduction  in  strength  was 
not  fully  explained  by  differences  in  bone  cross-sectional  geometry,  implicating  impaired  bone  tissue  material  properties.  Small 
differences  in  whole-bone  bending  strength  were  observed  between  WT  and  TLR5KO  mice  after  accounting  for  differences  in  bone 
morphology.  No  differences  in  trabecular  bone  volume  fraction  were  associated  with  genotype  or  disruption  of  gut  microbiota. 
Treatment  altered  the  gut  microbiota  by  depleting  organisms  from  the  phyla  Bacteroidetes  and  enriching  for  Proteobacteria,  as 
determined  from  sequencing  of  fecal  16S  rRNA  genes.  Differences  in  splenic  immune  cell  populations  were  also  observed;  B  and  T 
cell  populations  were  depleted  in  TLR5KO  mice  and  in  AMicrobiota  mice  (p  <  0.001),  suggesting  an  association  between  alterations 
in  bone  tissue  material  properties  and  immune  cell  populations.  We  conclude  that  alterations  in  the  gut  microbiota  for  extended 
periods  during  growth  may  lead  to  impaired  whole-bone  mechanical  properties  in  ways  that  are  not  explained  by  bone  geometry. 
©  2017  American  Society  for  Bone  and  Mineral  Research. 
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Introduction 


The  microbes  that  inhabit  the  gastrointestinal  tract  are 
known  collectively  as  the  gut  microbiota.  Alterations  in 
the  gut  microbiota  are  associated  with  a  number  of  conditions 
that  cause  bone  loss  or  increase  fracture  risk  including 
malnutrition,0,21  inflammatory  bowel  disease,1 13-51  obesity/6,71 
and  metabolic  disease/8-101  The  gut  microbiota,  therefore,  have 
the  potential  to  influence  bone  and  contribute  to  differences 
in  fracture  risk  among  patient  populations. 

The  gut  microbiome  is  initially  obtained  at  birth011  and 
subsequently  shaped  by  factors  such  as  environment021  and 
diet.03,141  Exposure  to  the  gut  microbiome  is  necessary  for  the 
proper  education  and  development  of  the  innate  and  adaptive 
immune  systems/151  Dendritic  cells,  macrophages,  granulocytes, 


T  and  B  cells,  and  intestinal  epithelial  cells  directly  interact  with 
the  gut  microbiome/151  Toll-like  receptors  are  one  set  of 
receptors  on  immune  cells  that  recognize  the  components  of 
the  gut  microbiome  and  facilitate  communication  between 
the  gut  microbiome  and  the  immune  system/161  Alterations 
in  the  gut  microbiota  or  improper  communication  between  the 
immune  system  and  gut  microbiota  can  lead  to  chronic  immune 
responses  and  disease/171 

The  effects  of  the  microbiome  on  bone  structure  and  density 
have  been  studied  in  mice  using  two  standard  tools  for 
manipulating  the  microbiome:  germ-free  animals  and  oral 
antibiotic  treatments/18,191  The  changes  in  bone  after  these 
manipulations  of  the  gut  flora  differ  considerably  among 
studies.  Germ-free  mice  (raised  in  the  absence  of  live  microbes) 
have  been  reported  to  display  reduced  bone  mass’201  as  well  as 
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increased  bone  mass(21>  compared  to  mice  raised  in  conven¬ 
tional  environments.  Alterations  in  the  gut  microbiota  through 
treatment  with  oral  antibiotics  have  been  reported  to  affect 
bone  density  in  mice,  but  the  findings  have  been  mixed,  possibly 
due  to  differences  in  animal  age,  sex,  antibiotic  used,  dosing 
schedule,  and  mouse  genotype.122-25’ 

Genetic  models  are  another  tool  for  studying  the  effects  of 
the  microbiome  on  animal  physiology.  The  Toll-like  receptor 
5-deficient  mouse  (TLR5KO)  is  a  congenic  mouse  strain  that  has 
been  used  to  study  the  effects  of  the  gut  microbiome  on  animal 
physiology  and  disease.  Toll-like  receptor  5  (TLR5)  is  the  innate 
immune  receptor  for  flagellin  and  does  not  have  an  endogenous 
ligand. (26)  Hence,  phenotypic  traits  of  the  TLR5KO  mouse  are 
primarily  due  to  alterations  in  host-microbe  interactions. (27) 
Failure  of  theTLR5KO  mouse  to  respond  to  flagellin  is  associated 
with  changes  in  the  gut  microbiome  that  lead  to  increases 
in  intestinal  and  systemic  inflammation  and  a  metabolic 
syndrome-like  phenotype  characterized  by  mild  obesity, 
insulin  resistance,  increased  blood  pressure,  and  increased 
blood  glucose.127,28’  The  metabolic  syndrome-like  phenotype 
of  the  TLR5KO  mouse  does  not  develop  in  mice  raised  in  a 
germ-free  environment  and  can  be  transferred  to  wild-type 
(WT)  mice  through  transplantation  of  the  gut  microbiota, 
demonstrating  that  the  phenotype  depends  on  the  gut  flora.128’ 

Although  prior  work  has  shown  that  the  disruption  or  absence 
of  the  microbiome  can  influence  bone,  interpreting  conflicting 
findings  among  studies  is  challenging  because  many  prior 
studies  use  young  animals  of  different  ages  (less  than  1 2  weeks 
of  age)  or  low-resolution  imaging  techniques  (mouse  DXA). 
Comparing  bone  phenotypes  in  such  young  animals  is  not 
recommended  because  bone  is  changing  rapidly  during 
growth.'29’  Additionally,  none  of  the  previous  studies  have 
examined  the  effect  of  alterations  in  the  gut  microbiota  on 
bone  mechanical  performance.  In  the  present  study,  we  tested 
the  hypothesis  that  alterations  in  the  gut  microbiota  can  have  an 
effect  on  whole-bone  biomechanical  performance.  Specifically, 
we  determined  changes  in  bone  structure  and  strength 
associated  with  alterations  in  the  gut  microbiota  caused  by 
(1)  genotypic  alterations  (the  TLR5KO  mouse)  and  (2)  chronic 
treatment  with  antibiotics  that  target  the  gut  microbiota. 

Materials  and  Methods 


Study  design 

Animal  procedures  were  approved  by  Cornell  University's 
Institutional  Animal  Care  and  Use  Committee.  Mice  from  the 
C57BL/6J  inbred  strain  and  the  B6.129Sl-Tlr5tmlFlv/J  (TLR5KO) 
congenic  strain  were  acquired  from  the  Jackson  Laboratory  (Bar 
Harbor,  ME,  USA)  and  each  were  bred  separately  in  conventional 
housing  in  our  animal  facility.  C57BL/6J  is  the  recommended 
control  strain  for  TLR5KO.(28,30’  Animals  were  housed  in  plastic 
cages  filled  with  1/4-inch  corn  cob  bedding  (The  Andersons 
Lab  Bedding  Producets,  Maumee,  OH,  USA),  fed  with  standard 
laboratory  chow  (Teklad  LM-485  Mouse/Rat  Sterilizable  Diet; 
Harlan  Teklad  Research  Diets,  Madison,  Wl,  USA)  and  water 
ad  libitum,  and  provided  a  cardboard  refuge  environmental 
enrichment  hut  (Ketchum  Manufacturing,  Brockville,  ON, 
Canada).  Male  mice  were  divided  into  four  groups:  two 
groups  treated  to  disrupt  the  gut  microbiota  (C57BL/6J:  n  =  7, 
TLR5KO:  n  =  8)  and  two  untreated  groups  (C57BL/6J:  n=  12, 
TLR5KO:  n=  16).  Mice  with  disrupted  microbiota  are  referred  to 
as  "AMicrobiota."  Mice  were  housed  in  cages  with  other  animals 


from  the  same  genetic  background/treatment  group.  Treated 
groups  received  broad-spectrum  antibiotics  (1.0  g/L  ampicillin, 
0.5  g/L  neomycin)  in  their  drinking  water  from  weaning  at 
4  weeks  old  until  skeletal  maturity  (16  weeks  old).*28’  Chronic 
antibiotics  used  in  this  manner  causes  consistent  disruptions  to 
the  gut  microbiota  over  a  prolonged  time  period.13”  Ampicillin 
and  neomycin  have  poor  bioavailability,  thereby  limiting 
extraintestinal  effects  of  treatment.128,32’  Additionally,  neomycin 
and  ampicillin  have  never  been  associated  with  impaired  bone 
growth.  Animals  were  euthanized  at  16  weeks  of  age.  Femurs, 
tibias,  epididymal  fat  pads,  and  spleen  were  collected  immedi¬ 
ately  after  euthanasia.  Fecal  pellets  were  collected  1  day  prior  to 
euthanasia  to  allow  analysis  of  the  microbiota. 

Cortical  bone  mechanical  testing 

The  right  femurs  were  harvested,  wrapped  in  PBS-soaked  gauze, 
and  stored  at  -20°C  prior  to  analysis.  Femur  length  was 
measured  from  the  greater  trochanter  to  the  lateral  condyle 
using  digital  calipers.  Images  of  the  femoral  diaphyseal  cross- 
section  were  obtained  by  pCT  with  a  voxel  size  of  25  |a,m 
(explore  CT  120,  GE,  Fairfield,  CT,  USA;  80kVp,  32  p.  A,  100  ms 
integration  time).  Images  were  processed  using  a  Gaussian  filter 
to  remove  noise  and  a  global  threshold  for  each  group  was  used 
to  segment  mineralized  tissue  from  surrounding  nonmineral- 
ized  tissue.  Femoral  cross-sectional  geometry  was  determined 
using  a  volume  of  interest  extending  2.5%  of  total  bone  length 
and  centered  midway  between  the  greater  trochanter  and 
lateral  condyle  (BoneJ,  version  1.3.3;  http://bonej.org/).*33’ 
Measurements  included  total  area,  cortical  cross-sectional 
area,  cortical  thickness,  marrow  area,  and  moment  of  inertia 
about  the  medial-lateral  axis. 

Femurs  were  thawed  to  room  temperature  and  maintained 
hydrated  during  mechanical  testing.  Right  femora  were  loaded 
to  failure  in  three-point  bending  in  the  anterior-posterior 
direction  at  a  rate  of  0.1  mm/s  using  a  span  length  of  6  mm 
between  outer  loading  pins  (858  Mini  Bionix;  MTS,  Eden  Prairie, 
MN,  USA).  Force  and  displacement  were  measured  using  a 
10-pound  load  cell  (SSM-100;TransducerTechniques, Temecula, 
CA,  USA)  and  a  linear  variable  differential  transducer  at  a  100-Hz 
sampling  rate.  Bending  stiffness  was  calculated  as  the  slope  of 
the  linear  portion  of  the  force-displacement  curve.*29’  Peak 
bending  moment  was  calculated  as  one-half  the  peak  load 
multiplied  by  one-half  the  span  length.*29’  The  peak  bending 
moment  is  related  to  bone  tissue  material  properties  and  bone 
midshaft  geometry  by  the  following  equation*34’: 

M  =  ab  -  (1) 

c 

where  M  is  peak  bending  moment,  crb  is  bone  tissue  material 
strength,  /  is  the  moment  of  inertia,  and  c  is  the  distance  from  the 
neutral  axis  to  bone  surface.  The  term  -c  incorporates  all 
geometrical  properties  that  can  influence  peak  bending 
moment.  Differences  in  peak  bending  moment  that  are  not 
explained  by  '  are  caused  by  alterations  in  tissue  material 
properties.  Because  of  irregularities  in  force  versus  displacement 
data  associated  with  motion,  some  specimens  were  excluded 
from  the  biomechanical  analysis  (4WT,  1  WT  AMicrobiota,  and 
3  TLR5KO). 

Trabecular  bone  morphology 

Images  of  the  tibias  were  collected  using  pCT  with  6-pm  voxels 
(pCT35;  Scanco  Medical  AG,  Bruttisellen,  Switzerland;  55  kVp, 
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145|xA,  600-ms  integration  time).  The  trabecular  bone  micro¬ 
architecture  of  the  proximal  tibial  metaphysis  was  examined  in  a 
region  extending  from  the  growth  plate  to  10%  of  total  bone 
length.  Measurements  included  bone  volume  fraction  (BV/TV), 
trabecular  thickness  (Tb.Th),  trabecular  separation  (Tb.Sp),  and 
cortical  tissue  mineral  density  (Ct.TMD).  A  global  threshold  for 
each  group  was  used  to  segment  mineralized  tissue  from 
surrounding  nonmineralized  tissue.  A  randomized  subset  (n  =  8) 
was  selected  for  analysis  of  trabecular  bone  morphology  for  the 
TLR5KO  mice. 

Gut  microbiome  analysis 
DNA  extraction 

Gut  microbiota  analysis  was  performed  on  six  samples  per  group. 
Isolation  of  DNA  from  feces  was  performed  by  using  PowerSoil 
DNA  Isolation  Kit  (MO  BIO  Laboratory  Inc.,  Carlsbad,  CA,  USA) 
according  to  the  manufacturer's  instructions.  DNA  concentration 
and  purity  were  then  evaluated  using  a  NanoDrop  ND-1000 
spectrophotometer  (NanoDrop  Technologies,  Rockland,  DE,  USA) 
at  wavelengths  of  230  nm,  260  nm,  and  280  nm. 

Quantitative  PCR 

The  total  bacterial  load  of  fecal  samples  was  determined  using 
quantitative  PCR  (qPCR)  as  described.1351  The  total  bacterial 
load  was  defined  as  the  total  number  of  16S  rRNA  gene  copies. 
Briefly,  quantification  of  the  16S  rRNA  target  DNA  was  achieved 
by  using  the  forward:  5'-TGG  AGC  ATG  TGG  TTT  AAT  TCG  A-3', 
and  reverse:  5'-TGC  GGG  ACT  TAA  CCC  AAC  A-3 ')*36,371  Unibac 
primers,  and  10-fold  serial  dilutions  ranging  from  1  x  10°  to 
1  x  107  plasmid  copies  of  a  plasmid  DNA  standard  which  was 
cloned  in  house.*351  Plasmid  standards  and  feces  samples  were 
run  in  duplicates.  The  average  of  the  cycle  threshold  value 
was  used  for  calculation  of  the  total  bacterial  load. 

Next-generation  sequencing  and  bioinformatics 

Amplification  of  the  16S  rRNA  gene,  library  construction,  and 
bioinformatics  were  executed  according  to  described  meth- 
ods.(35)  Briefly,  for  amplification  of  the  V4  hypervariable  region  of 
the  bacterial/archaeal  16S  rRNA  gene,  primers  51 5F  and  806R 
were  used.*381  The  5'-barcoded  amplicons  were  generated  in 
triplicate  using  12  to  300  ng  of  template  DNA,  2  X  EconoTaq  Plus 
Green  Master  Mix  (Lucigen,  Middleton,  Wl,  USA)  and  lOpM  of 
each  primer.  Replicate  amplicons  were  pooled  and  purified 
using  the  Gel  PCR  DNA  Fragment  Extraction  kit  (IBI  Scientific, 
Peosta,  IA,  USA)  and  visualized  by  electrophoresis  through  1 .2% 
(wt/vol)  agarose  gel  stained  with  0.5  mg/mL  ethidium  bromide. 
Blank  controls  in  which  no  DNA  was  added  to  the  reaction  were 
performed.  Purified  amplicon  DNA  was  quantified  using 
fluorimetry  (Quant-iT  PicoGreen;  Life  Technologies  Corporation, 
Carlsbad,  CA,  USA). 

Standardization  of  feces  amplicon  sample  aliquots  was 
performed  to  the  same  concentration  and  then  pooled  into 
one  run  according  to  individual  barcode  primers  for  the  16S 
rRNA  gene.  Final  equimolar  libraries  were  sequenced  using  the 
MiSeq  reagent  kit  v2  (300  cycles)  on  the  MiSeq  platform 
(lllumina,  Inc.,  San  Diego,  CA,  USA). 

Raw  16S  rRNA  gene  sequences  generated  were  demulti¬ 
plexed  using  the  open  source  software  pipeline  Quantitative 
Insights  Into  Microbial  Ecology  (QIIME,  version  1.7.0-dev; 
http://qiime.org/).*391  Sequences  were  filtered  for  quality  using 


established  guidelines.*401  Taxonomy  was  assigned  using  UCLUST 
(http://drive5.com/usearch/manual/uclust_algo.html)  consensus 
taxonomy  assigner,  against  the  Greengenes  reference  data¬ 
base.*411  Low-abundance  clusters  were  filtered,  and  chimeric 
sequences  were  removed  using  USEARCFI  (http://drive5.com/ 
usearch/).*421  Additionally,  we  generated  a  species-level  opera¬ 
tional  taxonomic  unit  (OTU)  table  using  the  MiSeq  Reporter 
Metagenomics  Workflow  (lllumina,  San  Diego,  CA,  USA).  The 
MiSeq  Reporter  classification  is  based  on  the  Greengenes 
database  (http://greengenes.lbl.gov/),  and  the  output  of  this 
workflow  is  a  classification  of  reads  at  multiple  taxonomic  levels: 
kingdom,  phylum,  class,  order,  family,  genus,  and  species. 

Shannon  diversity  index  was  performed  (QIIME,  version 
1.7.0-dev).  Before  estimating  the  Shannon  diversity  index,  all 
sample  libraries  were  rarefied  to  an  equal  depth  of  10,000 
sequences  (QIIME,  version  1.7.0-dev). 

Colon  histology 

To  evaluate  gut  inflammation,  colons  were  collected  at  euthana¬ 
sia  and  fixed  in  10%  neutral  buffered  formalin  for  48  hours. 
Colons  were  embedded  in  paraffin,  sectioned,  and  scored  by  the 
Cornell  Animal  FHealth  Diagnostic  Center.  Each  sample  was 
scored  based  on  four  assays:  lymphoid  aggregate  size,  lymphoid 
aggregate  density,  apoptotic  cells  per  high-power  field,  and 
presence  of  inflammation. 

Flow  cytometry 

Splenocytes  were  harvested  from  the  spleen  of  three  mice  from 
each  group  immediately  after  euthanasia  as  described.*43,441  The 
splenocytes  were  subsequently  stained  by  incubation  in  50  |xL 
of  FACS  containing  antibodies  (1:500  dilution)  for  1  hour.  For 
analyzing  B  cells,  Anti-CD20  antibody  conjugated  to  Phycoery- 
thrin  (PE)  (BD  Pharmingen,  San  Jose,  CA,  USA)  was  used  and  for 
T  cells  Anti-CD3  antibody  conjugated  to  PE  (BD  Pharmingen)  was 
used.  The  stained  cells  were  rinsed  twice  with  FACS  buffer  and 
resuspended  in  50  p.L  FACS  buffer  to  be  analyzed  by  BD  Accuri 
C6  flow  cytometer  (BD  Biosciences,  San  Jose,  CA,  USA).  The  flow 
cytometer  results  were  analyzed  using  FlowJo  software  (FlowJo 
LLC,  Ashland,  OR,  USA).  Gut  microbiota  interact  with  and  can  be 
regulated  by  B-cell  and  T-cell  populations.*15,451  Therefore,  we 
examined  the  relative  percentages  of  B  and  T  cells  in  spleens  of 
these  mice. 

Statistical  analyses 

Measures  of  bone  were  adjusted  for  body  mass  (unadjusted 
values  are  provided  in  Supporting  Table  1).(29>  Flomogenous 
variance  was  tested  using  Levene's  test  and  normality  tested 
using  the  Shapiro-Wilktest.  If  parametric  assumptions  were  met, 
a  one-way  ANOVA  followed  by  post  hoc  Flolm  correction  for 
multiple  comparisons  was  performed  to  test  for  differences 
between  groups.  If  parametric  assumptions  were  violated,  either 
data  was  submitted  to  a  log  transform  to  achieve  homogenous 
variance  and  normality  or  a  nonparametric  ranked  Dunn's  test 
followed  by  post  hoc  Bonferroni  adjustment  for  multiple 
comparisons  was  used. 

To  determine  if  genotype  or  treatment  influenced  whole- 
bone  strength  in  ways  that  were  not  explained  by  cross- 
sectional  geometry,  we  performed  an  analysis  of  covariance 
(ANCOVA),  implemented  with  a  generalized  linear  model  (GLM) 
using  1  as  the  covariate  with  genotype  and  treatment  as  fixed 
effects.  Statistical  tests  were  conducted  using  JMP  Pro  (v.9, 201 3; 
SAS  Institute  Inc.,  Cary,  NC,  USA). 
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Results 


Body  mass  and  TLR5KO  phenotype 

The  TLR5KO  mice  showed  a  mild  obesity  phenotype  with  an 
average  body  mass  10.4%  greater  than  WT  (p  <  0.05;  Fig.  1/4)  and 
an  average  epididymal  fat  pad  mass  52.0%  greater  than  WT 
(p  <  0.05;  Fig.  1 6).  Body  mass  and  fat  pad  mass  in  TLR5KO  mice 
with  disrupted  microbiota  and  WT  mice  with  disrupted  micro¬ 
biota  were  similar,  as  shown  in  prior  work.1281  No  differences  in 
colon  histological  scoring  were  observed  among  groups.  One 
TLR5KO  mouse  had  elevated  colon  histological  scores  suggest¬ 
ing  mild  colitis,  but  did  not  display  gross  differences  in  bone 
morphology  or  body  mass  and  was  not  excluded  from  the 
study.'301 

Femoral  whole-bone  bendinq  strenqth  and  qeometry  in 
TLR5KO  mice 

Bone  morphology  in  TLR5KO  mice  differed  from  WT  mice.  Total 
cross-sectional  area  was  larger  in  TLR5KO  mice  compared  to  WT 
mice  (p< 0.05,  Fig.  ID).  Marrow  area,  cortical  area,  and  cortical 
thickness  (Table  1)  in  TLR5KO  mice  were  similar  to  that  in  WT 
mice.  TLR5KO  mice  had  a  larger  moment  of  inertia  compared  to 
WT  mice  (p<  0.05,  Fig.  2 4).  Femoral  bone  length  was  1.5% 
smaller  in  TLR5KO  mice  compared  to  WT  mice  (p  <  0.05,  Fig.  1 C, 
Table  1). 

The  peak  bending  moment  in  untreated  TLR5KO  mice  was 
similar  to  that  in  WT  mice  (Fig.  2Q,  but  the  moment  of  inertia 
in  TLR5KO  mice  was  larger  than  in  WT  mice.  Whole-bone 
strength  in  TLR5KO  mice  was  less  than  that  in  WT  mice 
after  accounting  for  differences  in  cross-sectional  femoral 
geometry  (ANCOVA,  effect  of  genotype,  p<  0.0001,  Fig.  2 C). 
No  differences  in  post-yield  displacement  (Table  1)  or 
bending  stiffness  (Fig.  2D)  were  observed  between  WT  and 
TLR5KO  mice. 

Femoral  whole-bone  bending  strength  and  geometry  in 
mice  with  a  disrupted  microbiota 

Disruption  of  the  gut  microbiota  resulted  in  differences  in 
geometry  in  TLR5KO  mice  and  in  WT  mice.  Disruption  of  the  gut 
microbiota  in  WT  mice  resulted  in  increased  marrow  area, 
decreased  cortical  area,  and  decreased  cortical  thickness 
compared  to  untreated  WT  mice  (p  <  0.05,  Table  1).  Disruption 
of  the  gut  microbiota  did  not  result  in  changes  in  total  area, 
moment  of  inertia,  or  femoral  length  in  WT  mice  (Fig.  1C,  D; 
Fig.  2 A;  Table  1).  Disruption  of  the  gut  microbiota  in  TLR5KO 
mice  resulted  in  decreased  total  area,  marrow  area,  cortical  area, 
cortical  thickness,  and  moment  of  inertia  as  compared  to 
untreated  TLR5KO  mice  (p< 0.05,  Fig.  ID,  Fig.  2 A,  Table  1). 
Disruption  of  the  gut  microbiota  did  not  influence  femoral 
length  in  TLR5KO  mice  (Fig.  1C,  Table  1).  Femoral  length  was 
2.6%  smaller  in  TLR5KO  AMicrobiota  mice  compared  to  WT 
AMicrobiota  mice  (p<  0.05,  Fig.  1C,  Table  1). 

Disruption  of  the  gut  microbiota  was  associated  with  reduced 
peak  bending  moment.  Disruption  of  the  gut  microbiota  in  WT 
mice  resulted  in  an  average  peak  bending  moment  9%  less  than 
in  untreated  WT  mice  (p<0.05.  Fig.  26).  Disruption  of  the  gut 
microbiota  in  TLR5KO  mice  led  to  a  peak  bending  moment  22% 
less  than  in  untreated  TLR5KO  mice  (p  <  0.05,  Fig.  26).  After 
accounting  for  differences  in  cross-sectional  geometry,  peak 
bending  moment  in  mice  with  a  disrupted  microbiota  was  less 
than  that  in  untreated  mice  (ANCOVA,  effect  of  AMicrobiota, 


p<  0.0001,  Fig.  2 Q.  The  effect  of  disruption  of  the  gut 
microbiota  on  bone  tissue  material  properties  appeared  to 
differ  between  WT  and  TLR5KO  mice  (ANCOVA,  AMicrobiota  x 
genotype,  p  =  0.09,  Fig.  2Q.  Disruption  of  the  gut  microbiota  in 
both  WT  and  TLR5KO  mice  showed  a  trend  suggesting  reduced 
whole-bone  femoral  bending  stiffness  (p  <  0.15,  Fig.  2D,  Table  1). 
Disruption  of  the  gut  microbiota  was  not  associated  with 
differences  in  post-yield  displacement  (Table  1). 

Tibial  trabecular  microarchitecture  and  tissue  mineral 
density 

Cancellous  bone  volume  fraction  in  the  proximal  tibia  did  not 
differ  among  groups  (Fig.  IF).  No  differences  in  tibial  cortical 
bone  tissue  mineral  density  were  observed  between  untreated 
WT  and  TLR5KO  mice.  Disruption  of  the  gut  microbiota  was 
associated  with  reductions  in  cortical  bone  tissue  mineral 
density  in  both  strains  of  mice  (p  <  0.05,  Fig.  IF).  The  thickness  of 
the  growth  plate  in  the  proximal  tibia  did  not  differ  among 
groups  (Table  1). 

Microbiome  analysis 

Sequences  from  feces  microbiome  assays  were  filtered  for  size, 
quality,  and  for  the  presence  of  chimeras,  and  the  total  post-quality 
control  number  of  sequences  used  in  this  study  was  2,465,448. 
The  average  coverage  was  102,727  ±32,1 03  (mean±SD)  reads 
per  sample.  No  differences  in  the  mean  number  of  reads  for 
each  group  were  observed  (WT:  1 12,309  ±  1 1,935;  WT  AMicrobiota: 
88,325  ±18,501;  TLR5KO:  101,706  ±  39,625;  and  TLR5KO 
AMicrobiota:  108,568  ±47,800)  (p  =  0.61 2). 

Although  the  total  bacterial  load  did  not  differ  among  the  four 
groups  (Fig.  3D),  profound  changes  in  the  gut  microbiota  were 
observed.  The  gut  microbiota  composition  at  the  phyla  level 
differed  among  groups  (Fig.  34).  The  gut  microbiota  in  WT  and 
TLR5KO  mice  was  dominated  by  the  Bacteroidetes  phylum 
(Fig.  34,  Q.  The  gut  microbiota  in  AMicrobiota  mice  was 
dominated  by  the  Proteobacteria  phylum  (Fig.  34,  6).  Proteo- 
bacteria  abundance  was  greater  in  TLR5KO  AMicrobiota  mice 
compared  to  WT  AMicrobiota  mice  (p<  0.05,  Fig.  36).  The 
diversity  of  the  gut  microbiota,  as  measured  by  the  Shannon 
diversity  index,  was  reduced  in  groups  with  a  disrupted  gut 
microbiota  (TLR5KO:  4.8  ±0.5;  TLR5KO  AMicrobiota:  1.7  ±0.2; 
WT:  4.7  ±  0.4;  and  WT  AMicrobiota:  2.5  ±  0.3)  (p  <  0.05,  Fig.  3 E). 
Compared  to  untreated  animals  from  the  same  genetic 
background,  reductions  in  gut  microbiota  diversity  in  TLR5KO 
AMicrobiota  mice  were  greater  than  those  in  WT  AMicrobiota 
mice  (p<  0.05,  Fig.  3 £).  One  sample  from  the  WT  AMicrobiota 
mice  was  determined  to  be  an  outlier  and  was  removed  (Fig.  3 £). 

Splenocyte  populations 

The  total  percentage  of  CD20±  B  cell  splenocytes  was  reduced 
in  TLR5KO  mice  and  WT  AMicrobiota  mice  compared  to 
untreated  WT  mice  (p  <  0.05,  Fig.  3 F).  The  percentage  of 
CD3±  T  cells  in  the  spleen  was  reduced  in  TLR5KO  and  WT 
AMicrobiota  mice  compared  to  untreated  WT  mice  (p<  0.05, 
Fig.  3G).  Splenocytes  from  TLR5KO  AMicrobiota  mice  were  not 
obtained  because  of  user  error. 


Discussion 


Flere  we  report  the  effects  of  an  altered  gut  microbiota  on  bone 
mechanical  properties  in  WT  and  TLR5KO  mice.  Disruption  of  the 
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Fig- 1-  TLR5K0  mice  had  greater  body  and  fat  pad  mass.  Disruption  of  the  gut  microbiota  inTLR5KO  mice  prevented  the  development  of  increased  body 
and  fat  pad  mass.  Disruption  of  the  gut  microbiota  in  WT  mice  had  no  effect  on  (A)  body  mass  or  (8)  epididymal  fat  pad  mass.  (C)  TLR5KO  mice  femur 
length  was  less  than  WT  in  both  untreated  and  treated  groups.  (D)  Total  area  was  increased  in  untreated  TLR5K0  mice  compared  to  untreated  WT  mice. 
Disruption  of  gut  microbiota  led  to  a  reduced  total  area  in  TLR5K0  AMicrobiota  mice.  (£)  Disruption  of  the  gut  microbiota  in  both  genotypes  was 
associated  with  a  reduced  tibial  metaphysis  cortical  TMD.  ( F)  No  differences  in  tibial  metaphysis  BV/TV  were  observed  between  any  groups.  Solid-colored 
lines  on  dot-plots  represent  mean.  Measures  in  C,  D,  E,  and  Fare  adjusted  for  body  mass.  *p< 0.05.  HA  =  hydroxyapatite. 
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Table  1.  (jlCT  Measures  of  Cancellous  and  Cortical  Bone  and  Whole-Bone  Mechanical  Testing  Measures  After  Adjustments  for  Body  Mass 


Bone  type 

Body  mass-adjusted  measure 

WT 

TLR5KO 

Untreated 

AMicrobiota 

Untreated 

AMicrobiota 

Proximal  tibia 

Bone  volume  fraction 

0.1 5  ±0.02 

0.1 5  ±0.03 

0.1 4  ±0.01 

0.14±  0.01 

Trabecular  thickness  (pm) 

0.045  ±  0.002 

0.043  ±  0.005 

0.041  ±  0.003a 

0.038  ±0.002b 

Trabecular  separation  (pm) 

0.1 97  ±0.01 4 

0.1 92  ±0.008 

0.1 87  ±0.007 

0.1 78  ±  0.007b 

Cortical  TMD  (mg  HA/cm3) 

999±  10 

979  ±  8C 

999  ±  1 3 

980  ±7d 

Growth  plate  thickness  (pm) 

558  ±46 

562  ±41 

550  ±54 

528  ±  21 

Femoral  diaphysis 

Cortical  area  (mm2) 

0.87  ±0.07 

0.81  ±0.09c 

0.94  ±0.07 

0.69  ±  0.04d 

Marrow  area  (mm2) 

1 .05  ±  0.06 

1 .1 7  ±  0.1 0C 

1.1 7  ±0.1 5 

1 .00  ±  0.08d 

Total  area  (mm2) 

1.93  ±0.1 2 

1.98  ±0.1 7 

2.1 2  ±  0.1 7a 

1 .68  ±  0.08b,d 

Cortical  thickness  (pm) 

210±  10 

1 89  ±  1 5C 

21 6  ±  1 3 

1 72  ±  1 2b,d 

Moment  of  inertia  (mm4) 

0.1 5  ±0.02 

0.1 4  ±0.02 

0.1 7  ±  0.03a 

0.1 0±  0.01  b'd 

Moment  of  inertia/  c  (mm3) 

0.22  ±0.03 

0.22  ±0.03 

0.25  ±  0.03 

0.1 7  ±  0.01 b,d 

Whole  femur 

Length  (mm) 

16.04  ±0.1 8 

16.1 3  ±  0.1 2 

1 5.80  ±  0.24a 

15.71  ±  0.1 2b 

Peak  bending  moment  (N*mm) 

40.79  ±2.71 

37.18  ±  2.35c 

38.75  ±  2.37 

30.22  ±1.76b'd 

Bending  stiffness  (N/mm) 

1 93  ±  26 

177  ±21 

175  ±33 

1 52  ±  7 

Post-yield  displacement  (mm) 

0.20  ±0.1 7 

0.35  ±  0.09 

0.29  ±0.11 

0.42  ±0.07 

Values  are  mean  ±  SD. 

TMD  =  tissue  mineral  density;  HA  =  hydroxyapatite. 
aTL5KO-untreated  versus  WT-untreated,  p  <  0.05. 
bTLR5KO-AIVlicrobiota  versus  WT-AMicrobiota,  p  <  0.05. 
cWT-AIVIicrobiota  versus  WT-untreated,  p  <  0.05. 
dTLR5KO-AMicrobiota  versus  TLR5KO-untreated,  p  <  0.05. 


gut  microbiota  through  long-term  exposure  to  antibiotics  led  to 
reductions  in  whole-bone  bending  strength  that  exceeded  what 
could  be  explained  by  the  associated  changes  in  cross-sectional 
geometry,  suggesting  impairment  of  bone  tissue  material 
properties.  Small  differences  in  whole-bone  bending  strength 
were  observed  between  WT  and  TLR5KO  mice  after  accounting 
for  differences  in  bone  morphology. 

Together,  the  differences  in  whole-bone  strength,  cross- 
sectional  geometry,  and  tissue  mineral  density  suggest  that 
alterations  in  the  gut  microbiota  changed  the  mechanical 
properties  of  the  bone  tissue  itself.  Whole-bone  strength  in 
bending  is  determined  by  both  cross-sectional  geometry  and 
tissue  material  properties.  In  bending,  the  ratio  is  the  geometric 
measure  that  describes  the  entire  effect  of  cross-sectional 
geometry  on  bending  strength  and  is  directly  proportional  to 
the  maximum  load  an  object  can  sustain  in  bending.  Consistent 
with  this  relationship,  the  ratio  -c  was  the  single  best  predictor  of 
whole-bone  strength,  accounting  for  71%  of  the  variation  in 
peak  bending  moment  across  groups.  However,  differences  in 
the  regression  lines  (Fig.  2 C)  indicated  that  the  ratio  '  did  not 
completely  explain  differences  in  strength  among  the  four 
groups,  a  situation  that  implies  alteration  in  bone  tissue 
mechanical  properties.  Tissue  mineral  density  (TMD)  is  a  material 
property  that  can  influence  bone  strength.*461  TMD  in  the  tibial 
metaphysis  of  mice  with  a  disrupted  microbiota  was  less  than 
that  of  untreated  mice.  Although  we  did  not  measure  TMD  at 
the  femoral  midshaft  directly,  our  findings  in  the  tibia  suggest 
that  TMD  may  partially  explain  the  reductions  in  femoral 
bone  strength.  Other  factors  such  as  collagen  quality  and 
noncollagenous  proteins  may  also  explain  the  reductions  in 
femoral  bone  strength. 

TLR5KO  mice  had  larger  total  area  than  WT  mice,  but  similar 
marrow  area  and  cortical  area.  Increased  total  area  without 
differences  in  marrow  or  cortical  area  at  skeletal  maturity  has 
been  associated  with  more  rapid  periosteal  expansion  during 
growth.1291  The  increased  periosteal  expansion  in  TLR5KO  mice 


may  be  a  mechanism  employed  by  the  skeleton  to  maintain 
whole-bone  strength  despite  impaired  bone  tissue  material 
properties.*471 

Disruption  of  the  gut  microbiota  resulted  in  decreased  cortical 
bone  at  the  femoral  diaphysis  in  both  WT  mice  and  TLR5KO 
mice.  Disruption  of  the  gut  microbiota  in  WT  mice  was  not 
associated  with  alterations  in  total  area,  but  was  associated  with 
decreased  cortical  area  and  cortical  thickness.  Disruption  of  the 
gut  microbiota  in  TLR5KO  mice  prevented  the  more  rapid 
periosteal  expansion  that  occurred  in  untreated  TLR5KO  mice, 
and  resulted  in  smaller  cortical  area,  marrow  area,  and  cortical 
thickness.  Though  marrow  area  was  smaller  in  TLR5KO 
AMicrobiota  mice,  marrow  area  was  larger  than  would  be 
expected  from  the  associated  changes  in  total  area.  Decreased 
cortical  area  and  cortical  thickness  is  often  attributed  to 
decreased  accumulation  of  bone  mass  during  growth.*291 

Treatment  with  antibiotics  had  a  larger  effect  on  bone 
morphology  and  whole-bone  strength  in  TLR5KO  mice  than  in 
WT  mice.  This  observation  has  many  potential  explanations. 
First,  disruption  of  the  gut  microbiota  prevented  the  develop¬ 
ment  of  the  mild  obesity  phenotype  in  TLR5KO  mice.  Obesity  is 
associated  with  differences  in  bone  morphology  and  mechani¬ 
cal  performance.*481  The  bones  in  treated  TLR5KO  mice, 
therefore,  not  only  have  the  effect  of  an  impaired  microbiota, 
but  also  reduced  adiposity.  Second,  disruption  of  the  gut 
microbiota  in  TLR5KO  mice  had  a  larger  effect  on  the  relative 
abundance  of  Proteobacteria  and  microbial  diversity  (the 
Shannon  diversity  index)  than  in  WT  mice,  which  could  help 
explain  the  larger  effect  on  the  bone  phenotype.  Third,  the 
immune  system  and  immune  responses  are  impaired  in  TLR5KO 
mice,  leading  to  altered  gene  expression  and  activity  by  the  gut 
microbiota.*271 

The  composition  of  gut  microbiota  in  untreated  and  treated 
mice  was  consistent  with  prior  work.  The  total  bacterial  load  in 
fecal  samples  did  not  differ  between  antibiotic  treated  and 
untreated  groups,  consistent  with  previous  reports  that  oral 
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Fig.  2.  Whole-bone  bending  strength  in  mice  with  altered  microbiota  was  less  than  would  be  expected  from  differences  in  cross-sectional  geometry. 
(/A)  The  moment  of  inertia  was  larger  in  TLR5KO  mice.  (6)  Whole-bone  bending  strength  (peak  bending  moment)  was  less  in  AMicrobiota  mice  than  in 
untreated  animals.  The  peak  bending  moment  inTLR5KO  mice  did  not  differ  from  that  of  WT  mice.  (C)  Whole-bone  bending  strength  inTLR5KO  mice  was 
less  than  in  WT  mice  after  accounting  for  l/c  (difference  between  solid  red  and  blue  lines).  Bending  strength  in  AMicrobiota  mice  was  less  than  that  in 
untreated  animals  (difference  between  dotted  and  solid  lines  indicates  results  of  ANCOVA).  (D).  Disruption  of  the  gut  microbiota  in  both  WT  and  TLR5KO 
mice  showed  a  trend  suggesting  reduced  whole-bone  femoral  bending  stiffness.  Solid-colored  lines  on  dot-plots  represent  mean.  Measures  in  A,  B,  and  D 
are  adjusted  for  body  mass.  *p  <  0.05. 


antibiotic  treatment  can  cause  a  large  initial  reduction  in  a 
bacterial  population  which  recovers  over  time  to  a  newly 
stabilized  population.123,49'50’  The  dominant  phylum  in  un¬ 
treated  mice  was  Bacteroidetes,  consistent  with  reports  that 
Bacteroidetes  are  the  predominant  phylum  throughout  a 
healthy  mouse's  lifespan.151’  Disruption  of  the  gut  microbiota 
by  chronic  antibiotic  treatment  led  to  a  gut  microbiota 
population  enriched  by  the  phylum  Proteobacteria  (a  minor 
component  of  the  untreated  mouse  gut  microbiota).  The  high 
relative  abundance  of  Proteobacteria  observed  in  mice  with  a 
disrupted  microbiota  at  16  weeks  of  age  was  similar  to  the 
immature  and  unstable  gut  microbiota  typical  of  newborn 


mice.145’  As  a  mouse  matures,  its  immune  system  begins  to 
regulate  gut  microbiota  composition  via  B  cell  production  of 
IgA  antibodies  that  target  Proteobacteria.145’  The  antibiotic 
treatment  in  the  current  study  may  have  prevented  the  shift 
from  Proteobacteria  to  Bacteroidetes  that  normally  occurs  in 
mice  after  weaning.  Furthermore,  the  reduced  splenic  B  cell 
count  in  mice  with  a  disrupted  microbiota  is  also  consistent 
with  the  increased  presence  of  Proteobacteria.  The  prevalence 
of  members  of  the  Proteobacteria  phylum  has  been  associated 
with  increased  incidence  of  microbial  dysbiosis,  metabolic 
disease,  and  inflammation,  all  factors  known  to  influence  host 
physiology  and  the  immune  system.06,52’ 
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Bacterial  Phyla 

■  Proteobacteria 

■  Bacteroidetes 

■  Firmicutes 

■  Unclassified 

■  Tenericutes 

■  Acti  nobacteria 

■  Cyanobacteria 

■  Thermi 

■  Chloroflexi 

■  Chlorobi 

■  Verrucomicrobia 
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Fig.  3.  Disruption  of  the  gut  microbiota  with  antibiotics  did  not  alter  total  bacterial  load,  but  had  dramatic  effects  on  gut  microbiota  composition  and 
bacterial  diversity,  and  immune  cell  count.  (/A)  The  relative  composition  of  bacterial  phyla  shifted  from  a  Bacteroidetes-dominated  phyla  in  untreated 
mice  to  one  dominated  by  Proteobacteria  in  AMicrobiota  mice  (n  =  6/group).  (B)  Proteobacteria  is  enriched  in  AMicrobiota  mice,  especially  in  TLR5KO 
AMicrobiota  mice  (Bonferroni  correction).  (C)  Bacteroidetes  dominates  gut  microbiota  composition  in  untreated  WT  and  TLR5KO.  (D)  Total  bacterial  load 
was  unaffected  by  antibiotic  treatment,  (f)  Bacterial  diversity  was  dramatically  reduced  in  AMicrobiota  mice.  (F)  The  percentage  of  splenic  CD20+  B  cells 
was  reduced  in  AMicrobiota  mice  and  untreated  TLR5KO  mice  (n  =  3/group).  (G)  The  percentage  of  splenic  CD3+  T  cells  in  the  spleen  was  reduced  in 
AMicrobiota  mice  and  untreated  TLR5KO  mice  (n  =  3/group).  Solid-colored  lines  on  dot-piots  represent  mean.  *p<  0.05  after  adjusting  for  multiple 
comparisons. 
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To  understand  the  mechanisms  linking  changes  in  the 
microbiota  to  impaired  bone  tissue  material  properties  it  is 
useful  to  consider  the  three  primary  mechanisms  through  which 
the  microbiome  can  influence  organs  distant  from  the  gut: 
regulation  of  the  immune  system,  regulation  of  nutrient 
absorption,  and  translocation  of  bacterial  products  across  the 
epithelial  barrier/53* 

We  consider  the  effects  of  the  microbiota  on  the  immune 
system  to  be  a  likely  explanation  for  the  differences  in  bone 
tissue  material  properties  in  the  current  study.  Disruption  of 
the  gut  microbiota  with  antibiotics  reduced  CD20+  B  and  CD3+ 
T  cell  populations  and  was  correlated  with  reduced  whole-bone 
strength.  Similarly,  untreated  TLR5KO  mice  also  had  reduced 
CD20+  B  and  CD3+  T  cell  populations.  B  and  T  cell  populations 
have  the  potential  to  cause  profound  changes  in  bone 
remodeling  and  bone  turnover/54^58’  However,  it  is  not  yet 
clear  how  alterations  in  B  and  T  cell  populations  would  lead  to 
changes  in  bone  tissue  material  properties. 

Although  we  cannot  ignore  the  possibility  that  alterations  in 
nutritional  absorption  influenced  our  findings,  we  consider  this 
explanation  unlikely  for  several  reasons:  First,  body  mass  and  fat 
pad  mass  in  the  mice  were  all  similar  or  greater  than  that  in 
untreated  WT  animals,  suggesting  an  acceptable  caloric  intake. 
Second,  trabecular  bone  volume  fraction  was  not  different 
among  the  groups,  and  femoral  length  only  had  small 
differences.  Trabecular  bone  volume  fraction  and  whole-bone 
length  are  typically  severely  reduced  in  situations  of  nutritional 
deficiency.120'59*  Trabecular  bone  is  extremely  responsive  to 
impaired  nutrition;  animals  submitted  to  short-term  severe 
calcium  and  vitamin  D  deficiencies  showed  reductions  in 
trabecular  bone  volume  fraction  of  24%  to  58%,160,61*  yet  we 
did  not  observe  reductions  in  trabecular  bone  volume  fraction. 
Third,  the  reduction  in  peak  bending  moment  seen  in  mice 
with  a  disrupted  microbiota  is  not  fully  explained  by  changes  in 
bone  geometry  or  bone  mass,  whereas  in  animal  models  of 
reduced  dietary  calcium  and  vitamin  D,  reductions  in  whole- 
bone  strength  are  usually  well  described  by  changes  in  bone 
geometry,  mass,  and  tissue  mineral  density/60,61’  Last,  examina¬ 
tion  of  colon  histology  did  not  indicate  intestinal  inflammation 
in  any  of  our  groups,  suggesting  that  treatment  with  antibiotics 
to  disrupt  the  gut  microbiota  did  not  lead  to  increased  gut 
inflammation  which  can  impair  nutritional  absorption/62,63’ 
Animal  models  with  extensive  intestinal  inflammation  com¬ 
monly  develop  reduced  body  mass  and  dramatic  trabecular 
bone  loss,  which,  again,  was  not  present  in  any  of  our  treatment 
groups/64,65* 

Translocation  of  bacterial  products  (or  even  live  bacteria) 
across  the  gut  endothelial  barrier  is  another  potential  mecha¬ 
nism  for  gut  microbiota  to  influence  bone.  Microbial  products 
such  as  lipopolysaccharide  and  flagellin  are  capable  of  traveling 
through  the  bloodstream  to  distant  organs  and  causing 
localized  inflammation/66’  Translocation  of  bacteria  across  the 
endothelial  barrier  is  one  of  the  mechanisms  that  explains  the 
TLR5KO  metabolic  syndrome  phenotype,  so  translocation  may 
be  involved  in  the  observed  differences  in  bone/27’  Although 
bone  cells  can  respond  to  lipopolysaccharide  and  flagellin/53’ 
how  such  a  response  would  lead  to  changes  in  bone  tissue 
mechanical  properties  is  not  clear. 

A  number  of  strengths  of  the  current  study  are  worth  noting. 
First,  the  study  is  unique  in  examining  the  effect  of  alterations  in 
the  gut  microbiome  on  whole-bone  mechanical  performance. 
Previous  studies  in  which  the  microbiota  was  modified  focused 
solely  on  bone  structure  or  bone  mass  and  did  not  examine 


mechanical  performance.  Second,  the  current  study  examined 
the  effects  of  prolonged  disruption  of  the  gut  microbiota  during 
growth  on  the  bone  phenotype  achieved  at  skeletal  maturity. 
Most  of  the  prior  studies  of  bone  in  mice  under  conditions  of 
altered  gut  microbiota  examined  bone  from  young,  rapidly 
growing  animals  (7  to  9  weeks  of  age)/53’  and  did  not  evaluate 
the  bone  phenotype  at  skeletally  maturity.  Differences  in  bone 
phenotype  in  growing  animals  sometimes  indicate  differences 
in  growth  rate  and  do  not  always  imply  changes  in  bone 
phenotype  at  skeletal  maturity/29,67,68’  Because  we  only  looked 
at  skeletally  mature  mice,  we  could  not  assess  differences  in 
bone  growth  and  acquisition,  although  differences  in  cross- 
sectional  geometry  such  as  total  area  suggest  differences  in 
rates  of  periosteal  expansion  see  Discussion  above.  Third,  the 
current  study  provided  both  a  detailed  analysis  of  bone  along 
with  a  full  analysis  of  the  constituents  of  the  gut  microbiome  as 
determined  using  16S  rRNA  sequencing  and  therefore  provides 
differences  in  phyla,  bacterial  diversity,  and  total  bacterial  load 
along  with  a  detailed  bone  morphological  and  biomechanical 
analysis.  We  are  aware  of  only  one  prior  study  that  provides 
both  a  detailed  analysis  of  bone  morphology  and  a  detailed 
analysis  of  the  microbiome/69’ 

Despite  the  novelty  of  the  current  study,  some  limitations 
must  be  considered  when  interpreting  the  results.  The  contents 
of  the  gut  microbiota  are  dynamic  and  robust  to  external  stimuli; 
short-term  treatments  (~1  to  2  weeks)  with  antibiotics  generate 
a  transient  change  in  the  gut  microbiota  that  mostly  returns 
to  baseline  when  treatment  is  suspended/49’  To  examine  a 
condition  of  sustained  alterations  in  the  gut  microbiota  during 
growth  we  treated  mice  with  chronic  antibiotics  from  the  age  of 
weaning  until  skeletal  maturity.  Although  chronic  antibiotic 
treatment  is  rarely  applied  to  humans  throughout  growth  and 
development,  less  drastic  changes  in  the  human  gut  microbiota 
do  occur  for  prolonged  periods  of  time  as  a  result  of  diet  or 
metabolic  status/49’  The  study  is  further  limited  by  not  directly 
performing  a  compositional  assessment  of  bone  tissue.  Direct 
measures  of  bone  tissue  material  properties  can  help  explain 
the  mechanical  phenotypes  but  more  direct  assays  of  mouse 
bone  tissue  mechanical  properties  than  those  performed 
here  have  additional  limitations,  especially  in  determination  of 
tissue  strength  (see  Supporting  Information  in  Jepsen  and 
colleagues129’).  The  current  study  does  not  include  assessment 
of  bone  turnover.  Recent  findings,  however,  suggest  that  the 
relationship  between  the  microbiota  and  bone  remodeling 
is  complex  and  dynamic.  For  example,  mice  treated  with  an 
antibiotic  cocktail  of  ampicillin,  vancomycin,  metronidazole,  and 
neomycin  show  changes  to  serum  turnover  markers  after  1  week 
of  treatment,  but  no  detectable  differences  from  untreated 
animals  after  1  month  of  treatment/22’  Understanding  the 
effects  of  manipulation  of  the  microbiome  on  bone  remodeling 
would  therefore  require  examination  at  many  points  during 
growth/treatment.  Last,  the  current  study  uses  the  C57BL/6J  as  a 
control  strain  for  the  TLR5KO  strain,  despite  the  TLR5KO  mice 
containing  minor  remnants  of  B6.129S1  genetics.  However, 
the  TLR5KO  congenic  strain  is  backcrossed  for  1 1  generations  to 
the  C57BL/6J  background  to  ensure  the  two  strains  are  over 
99.9%  genetically  identical,  thus  limiting  potential  effects  of 
B6.1 29S1  genetics. 

Despite  the  limitations  of  our  study,  our  observations  regarding 
changes  in  bone  tissue  mechanical  properties  suggest  a  new 
explanation  for  a  long-standing  clinical  question.  Fracture  risk  in 
some  patient  populations  is  much  greater  than  expected  from 
bone  mineral  density,  a  situation  commonly  attributed  to 


Journal  of  Bone  and  Mineral  Research 


ALTERATIONS  TO  GUT  MICROBIOME  IMPAIR  BONE  BIOMECHANICAL  PROPERTIES  9  ■ 


impaired  "bone  quality."170’  Although  the  term  bone  quality 
encompasses  many  different  characteristics  of  bone,(71)  impaired 
bone  tissue  mechanical  properties  are  a  well-recognized 
component.  Changes  in  bone  tissue  mechanical  properties 
are  often  cited  as  a  contributor  to  fracture  risk  that  exceeds 
what  is  explained  by  BMD  in  patients  with  obesity,  diabetes,  and 
inflammatory  bowel  disease — three  chronic  clinical  conditions 
that  are  also  associated  with  drastic  changes  in  the  gut 
microbiome.  Our  findings  in  mice  suggest  an  intriguing  possibility 
that  alterations  in  gut  microbiota  may  contribute  to  alterations  in 
clinical  fracture  risk  by  regulating  bone  tissue  mechanical 
properties,  although  further  studies  are  required  to  confirm 
this  hypothesis. 

Conclusion 


We  conclude  that  alterations  in  the  gut  microbiota  throughout 
growth  can  lead  to  changes  in  whole-bone  strength  which  are 
greater  than  expected  from  whole-bone  size  or  shape.  These 
findings  suggest  that  alterations  in  the  gut  microbiota  can 
influence  bone  tissue  mechanical  properties. 
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Background:  Osteoarthritis  is  a  disease  characterized  by  degradation  of  joint  cartilage  leading  to  pain 
and  loss  of  mobility.  Osteoarthritis  is  more  common  in  active  duty  military  personnel  than  civilians. 
Excessive  joint  loads  are  the  primary  cause  of  osteoarthritis,  but  recent  studies  suggest  that  systemic 
inflammation  can  magnify  the  effects  of  loading.  One  factor  that  influences  systemic  inflammation  is  the 
gut  microbiome. 

Mouse  models  are  useful  tools  to  study  the  effects  of  the  microbiome  on  host  physiology.  The 
toll-like  receptor  5  deficient  mouse  (TLR5KO)  is  often  used  to  study  the  microbiome  because  it  develops 
an  altered  gut  flora  that  causes  chronic  low-grade  systemic  inflammation  and  mild  obesity.  Here  we  test 
the  idea  that  microbiome-induced  alterations  in  systemic  inflammation  influence  the  development  of 
osteoarthritis  in  mice. 

Methods:  Under  IACUC  approval,  five  groups  of  mice  were  raised  in  our  facility  and  submitted  to 

treatments  to  alter  systemic  inflammation,  adiposity  and  the  microbiota  (n=ll  animals/group,  55  animals 
total):  Three  groups  of  TLR5KO  mice  were  studied:  limit  fed  (mild  systemic  inflammation,  normal 
adiposity),  disrupted  gut  microbiota  caused  by  chronic  antibiotic  treatment  (normal  systemic 
inflammation  and  normal  adiposity)  or  no  treatment  (mild  systemic  inflammation,  mild  adiposity).  Two 
groups  of  wild  type  mice  (C57B1/6J)  served  as  controls:  no  treatment  (normal  systemic  inflammation  and 
adiposity)  and  high  fat  diet  (moderate  inflammation,  severe  adiposity).  Cartilage  degeneration  was 
induced  in  the  mice  by  the  application  of  short  bouts  of  cyclic  compression  to  the  left  knee  (peak  load  of 
4.5N,  no  surgery  involved).  Loading  was  initiated  at  20  weeks  of  age  and  was  applied  5  times  per  week 
for  6  weeks;  the  contralateral  limb  served  as  a  control.  Severity  of  osteoarthritis  was  measured  in 
histology  sections  using  a  scoring  approach  (the  OARSI  score).  A  mixed  model,  two-way  ANOVA  was 
used  to  determine  differences  in  load-induced  cartilage  degeneration  among  the  five  groups. 

Results:  Cartilage  degeneration  was  greater  in  loaded  limbs  (p<0.0001).  The  effect  of  loading 

differed  among  the  five  study  groups  (effect  of  loading*group,  p  =  0.048).  Load-induced  cartilage 
degeneration  was  greatest  in  the  high  fat  diet  group,  while  loading  had  a  negligible  effect  on  cartilage 
degeneration  in  mice  with  disrupted  gut  microbiota  (p  <  0.05).  Body  mass,  fat  pad  mass,  insulin,  and 
leptin  were  greater  in  mice  fed  a  high  fat  diet  than  other  groups.  Serum  markers  of  systemic  inflammation 
were  greater  in  high  fat  diet  mice  than  in  TLR5KO  mice  with  disrupted  gut  flora:  IL-10  (p  <0.05),  IL-8  (p 
<0.05),  and  TNF-alpha  (p=0.056). 

Conclusion:  Although  we  observed  differences  in  the  effect  of  loading  among  groups,  pairwise 

comparisons  only  detected  differences  between  two  groups  (high  fat  diet  v.  TLR5KO  with  antibiotics). 
The  similarities  among  the  other  groups  suggest  that  the  small  differences  in  adiposity  and  systemic 
inflammation  among  these  groups  had,  at  best,  minor  effects  on  cartilage  degeneration.  However, 
disruption  of  the  gut  flora  in  TLR5KO  mice  appeared  to  hinder  load  induced  cartilage  degeneration, 
suggesting  that  large  changes  in  the  gut  flora  may  influence  cartilage  degeneration,  although  a  larger 
study  would  be  required  to  confirm  this  trend. 


